The conventional global color histogram bears only the composition infirmation of colors. Further incorporating spatial infirmation of colors helps identifv a color image. However, joint spatialchromatic relationship of real-world images has not been rigorously explored in :he literafure. In this paper, we present a statistical model for the distance dishibution of dominant colors. From empirical evaluation of large image databases, we discover that the two-parameter Nakagami-m distribution well captures the .spatial characteristics of colors Over 90% accuracy with respect to the more complicated color autocorrelogram is achieved under this model.
Introduction
The advances of digital technology make a wealth of audio-visual data available. The content of audiovisual data, however, are difficult to describe by conventional keyword annotations because of the abundant and inconsistent interpretations associated with multimedia data. Content-based indexing and identification using semantically meaninghl features have therefore been proposed as a remedy [ 11. As most content-based identification and rehieval applications require high accuracy and low complexity, the selected feature space should have low dimensions for fast processing while maintain high discriminahility to distinguish semantically different objects.
An image is fully characterized by the spatial distribution of pixels. The classic global color histogram [2] conveys the color composition information. The major advantage of using global color histogram is its implementation simplicity. Due to the lacking of an analytic model and the information of spatial layout, the semantic accuracy based on color 0-7803-8603-5/04/$20.00 Q2004 IEEE 1411
histogram alone is often questionable. This limitation, in turn, suggests the use of spatially enhanced color histograms. The region-based color histogram partitions an image into several regions, and individually identifies the colors for each region [3] .
The histogram-refinement method divides each color bin by additional spatial constraints such as the spatial coherence [4] . Alternatively, one can directly use the statistical properties of spatial entities such as edge orientation, shape, or texture to identify an image [5] .
Huang et al. [6] introduced the color correlogram that computed the number of color pairs at a specific distance. On the other hand, the underlying structure of the spatial distribution of images has never been rigorously tackled. In this paper, we model the distance distribution of a color as a Nakagami-m distribution.
Furthermore, we verify the accuracy of the proposed model over large image databases. The rest of this paper is organized as follows. In Section 2, we review some of the joint spatial-chromatic histograms. In Section 3, we introduce the Nakagami-m model for distance distribution of significant colors, and evaluate its accuracy. Some concluding remarks are given in the last section.
Joint spatial-chromatic histograms
Consider an image I and let I@) be the color for a pixel p. The global color histogram H(I) = {hl(I), h2(I), ..., h, (I) ] is an n-bin indexed set where h,{I) is the number of pixels of color c, in image I, i.e., h j ( O ? {~: I (~) = c j l
The notation i{.}I denotes the-cardinality of a set. We can normalize {hj (I) ) by the total number of pixels to yield a probability measure. The similarity of two color histograms can be measured using the intersection [2]
(2)
or the Lk norms [12] . The value of fl (with probability normalization) lies between 0 and 1, and its maximum is achieved when two histograms are identical.
The color correlogram [6] , also known as the color cc-occurrence, furtber considers the distance between pixel pairs. Specifically, the color correlogram {T;~(I)} is defined as (, (I) ? { ( P ,~) :
where d@,q) denotes the distance between pixelsp and q. Restricting to pixels of identical colors, the correlog" is reduced to the autocorrelogram {a;(l)}. That is, a ; ( I ) = r i ( l ) . The color autocorrelogram provides better discriminating power than the color histogram at the expense of higher computation and storage cost. The space and time cost can he reduced by taking only small values of k into consideration, in light of the fact that local correlation is more significant than global correlation [6] . Yang and Lin [7] propose the geometry-enhanced color histogram (GECH) to alleviate the complexity load. GECH decorrelates the spatial feature from color correlog", where the spatial information associated with color cj is reduced to the first distance moment. Cinque et al. [8] propose the spatial-chromatic histogram (SCH) scheme that summarizes the spatial information of color cj by the weighted average of its haricenter j.4~) and standard deviation 4). To be more specific, the geometric measure W, in SCH is given by Though computation and storage efficient, taking the first few moments of the distance distribution as was done in GECH and SCH incurs the danger of over-simplification.
Furthermore, the optimal weighting for each moment for measuring the discrepancy of two distributions is hard to determine. A radical solution to the above problem is a generic model for the spatial distribution. In the next section, the two-parameter Nakagami-m distribution serves this purpose.
Modeling distance by Nakagami-m distribution
The Nakagami-m distribution is widely used in wireless communications for modeling the fading channels [15] . W e adopt the latter with the second-order approximation in this paper.
Two sets of PEG-coded images are used for performance evaluation, and some of the sample images are shown in Figure 3 . Test set I contains 14819 images (size 192x128) drawn from the Berkeley Digital Library [16] and test set I1 contains 1000 images (size 256x384 or 384x256) drawn from the Stanford Image Database [17], all in the P E G format.
Instead of directly resorting to pixels, we use the DC components (8 times the average value of an 8 x 8 block) of the P E G images. Using the DC components not only reduces the computation load but also increases the robusmess. The LI distance is employed for the distance measure for later simulations, and a 256x384 picture (composed of 32x48 blocks of size 8x8) can thus assume d = 80 discrete integer values. We adopt a 64-bin (= 4 x 4~4 ) color system where each of the RGB values is uniformly quantized into 4 levels.
The spatial-chromatic distribution of real images is not purely random. Two typical distributions of identical-color pixel pairs as a function of distance are plotted in Figure 2 . One notable feature in distribution is the "clustering phenomenon", by which we mean that pixels of the same color tend to gather at a distance. In particular, the pdf curve (envelope) usually starts with a nontrivial value, reaches to the peak, and then monotonically decays. Conventional uniform, Gaussian, Gamma, or Ricean models are all inadequate for modeling such distribution, The versatility of the two-parameter Nakagami-m distribution makes it suitable for capturing the clustering phenomenon of various degrees, as is also shown in Figure 2 . Also noted is that most images are characterized by a limited number of "dominant colors". We set three different thresholds for ruling out insignificant colors (pixel count = 3, 1% and 2% of the total area). The results given in Table I show that on the average IO colors are sufficient for describing over 90% of an image (in terms of area). These dominant colors are observed to have more significant clustering phenomenon.
To evaluate the accuracy of the proposed Nakagamim distance model, we calculate the similarity between the hue distribution and the Nakagami-m approximation, denoted by 7, as q = E , zmin(aj,P:)
[ k 1 where a: and P,! denote the (normalized) values of autoconelogram and Nakagami-m approximation of colorj and distance k, respectively. The expectation in (7) is taken over all significant colors, weighted by the pixel occurrence. Table I1 lists the numerical results of 7 averaged over the test set. It is shown that the proposed Nakagami-m distribution achieves high (over 90%) similarity, as compared to the mere 60% similarity achieved by uniform distribution, The estimation accuracy slightly increases when more insignificant colors are singled out. Note that the storage requirement for the parameterized Nakagmi-m model (two parameters per color) is much less than that for the autocomelogram (d distances per color).
The preliminary experimental results also show that effectiveness (accuracy and recall) of content-based image retrieval via this model is higher than that given than GECH and SCH. 
Conclusion
In this paper, we present an analytic model for the distance distribution of real-world images. The clustering characteristics of pixels of the same color are well depicted by the proposed Nakagami-m distribution. Experimental results show that this twoparameter probability model successhlly approximates the color autoconelogram. Furthermore, the presented results may he applied to applications such as image understanding and content-based image retrieval.
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